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REMARKS 

Claims 1-4, 6-10, 12, 14-21, 48-50 and 52-61 are pending. All of the pending claims 
stand rejected. Applicants respectfully request reconsideration of the rejections based on the 
following comments. 

Applicants thank the Examiner for the courtesy extended to their undersigned 
representative in a phone interview on August 31, 2006. In the phone interview the remaining 
issues were discussed, and the context of the previously submitted section 132 Declaration was 
reviewed in view of the remaining rejections. Applicants' representative and the Examiner 
discussed options for advancing the application. 

Rejection Under 35 U.S.C. $ 112 

The Examiner rejected claims 1-4, 6-10, 12-21 and 48-61 under 35 U.S.C. § 112, second 
paragraph as being indefinite. For conciseness, Applicants incorporate by reference their 
arguments from the Responses of March 29, 2005, August 15, 2005 and March 14, 2006, and 
focus here on the Examiner's response to those arguments. The Examiner asserts that "less than" 
and "greater than" describe "definite maximum and minimum" values that are contradicted by 
the term "about." With all due respect, Applicants have searched the PTO web site and have 
found since 1976 there have been 53,976 patents issued with the phrase "less than about" in their 
claims. Many of these have been issued recently. A copy of the first two pages of the search is 
attached. Similarly, 28,519 patents have issued since 1976 with the phrase "greater than about" 
in their claims. Either there are countless incompetent patent examiners, which Applicants do 
not believe is true, or the phrase is not inherently indefinite. Applicants have argued case law 
and the perspective of an ordinary person of skill in the art. The Examiner has failed to assert 
why in the present context that the phrases are unclear. Thus, with all due respect, the Examiner 
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has failed to establish prima facie indefiniteness. Applicants respectfully request withdrawal of 
the rejection of claims 1-4, 6-10, 12-21 and 48-61 under 35 U,S.C. § 112, second paragraph as 
being indefinite. 

Rejection Over Kamauchi et al. and Maaev 

The Examiner rejected claims 1-4, 6, 7, 10, 12 3 14-17, 19-21, 48-50, 52, 53 and 55-61 
under 35 U.S.C. § 103(a) as being unpatentable over U.S. Patent 5,538,814 to Kamauchi et al. 
(the Kamauchi patent) in view of U.S. Patent 5,789.115 to Manev (the Manev patent). 
Applicants previously submitted Declaration evidence that the grinding approach suggested in 
the Kamauchi patent was not suitable for producing the uniform materials claimed in the pending 
claims above. The Examiner cited the Manev patent for teaching that "the mean particle size and 
the particle size distribution are two of the basic properties characterizing the positive electrode 
intercalation materials." Applicants assert that the Manev patent does not make up for the 
deficiencies of the Kamauchi patent, that the combined teachings of the references do not enable 
the production of the claimed materials and that the Manev. patent teaches away from the claimed 
invention. Thus, the combined teachings of the cited references do not render Applicants' 
invention prima facie obvious. Applicants respectfully request reconsideration of the rejection 
based on the following comments. 

With respect to the Manev patent, this patent explicitly teaches away from its 
combination with the Kamauchi patent. In particular, the Manev patent teaches that the particles 
should not necessarily be too small. See column 1, lines 50-67. In fact, all of the preferred 
materials taught in the Manev patent have a mean particle size greater than 1 micron, see for 
example, column 3 S lines 53-61. Thus, Manev teaches away from Applicants 1 claimed particle 
sizes. 
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While a reference is prior art for all that it teaches, references along with the knowledge of a 
person of ordinary skill in the art must be enabling to place the invention in the hands of the public. 
In re Paulsen, 31 USPQ2d 1671, 1675 (Fed. Cir. 1994). See also In re Donahue , 226 USPQ 619, 
621 (Fed Cir. 1985). 'The consistent criterion for determination of obviousness is whether the 
prior art would have suggested to one of ordinary skill in the art that this process should be carried 
out and would have a reasonable likelihood success, viewed in light of the prior art" Micro 
Chemical Inc. v. Great Plains Chemical Co. . 41 USPQ2d 1238, 1245 (Fed Cir. 1997)(quoting toRe 
Dow Chemical Co. . 5 USPQ2d 1529, 1531 (Fed Cir. 1988)). 

The proposition is well established that the cited art only renders a composition of matter or 
apparatus unpatentable to the extent that the cited art enables the disputed claims, in other words, if 
the cited art provides a means of obtaining the claimed composition or apparatus. 

To the extent that anyone may draw an inference from the Von 
Bramer case that the mere printed conception or the mere printed 
contemplation which constitutes the designation of a 'compound* is 
sufficient to show that such a compound is old, regardless of whether 
the compound is involved in a 35 U.S.C, 102 or 35 U.S.C 103 
rejection, we totally disagree, ... We think, rather, that the true test of 
any prior art relied upon to show or suggest that a chemical 
compound is old, is whether the prior art is such as to place the 
disclosed 'compound 1 in the possession of the public. In re Brown . 
14] USPQ 245, 248-49 (CCPA 1964)(emphasis in original)(citations 
omitted). 

On page 7 of the office action, it is staled that one "of ordinary skill in the art, based on 
Kamauchi and Manev, to prepare or select particles of preferred sizes without grinding or by 
pulverizing or filtering the material." However, at column 2, tines 1 7-20, the Manev patent notes, 
that for their materials of interest "grinding ... is not a desirable method of reducing the mean 
particle size and particle size distribution .„ But grinding is the approach taught in Kamauchi 
for reducing particle size. With all due respect, while Manev indicates that grinding is a non- 
preferred optional way to prepare the material, they teach a synthesis technique that directly 
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provided a teaching of how the public 
uniforai submicron inorganic phosphat 



forms the lithium manganese oxide piwders with the desired particle sizes. See, for example, 
the examples in Manev. There is no teaching whatsoever that their techniques can be used to 
make phosphates nor would one expert these techniques to be successful to make phosphates, 
Kamauchi only teaches grinding to ma ce submicron particles. Kamauchi does not exemplify the 
generation of $ubmicron particles. Applicants have demonstrated that grinding of phosphates 
made by techniques in the Kamauchi md Goodenough patents does not produce particles close 
to the claimed particle uniformity. Due to problems of agglomeration as well as inherent 
distributions of pore sizes, filtration cannot be used to achieve high levels of submicron particle 
uniformity. Due to these multiple deficiencies in the teachings m the art, the Examiner has not 

lad possession of the claimed invention directed to highly 
particles prior to the filing date. 
Due to the experience of the piesent inventors with respect to the high rate capability of 
submicron and in particular nanoscale Alectrode materials, the inventors took on the development 
of the presently claimed phosphate n^noparticles. See, U.S. 6,503,646. To accomplish their 
objectives, the present inventors had to develop techniques to synthesize inorganic materials with 
complex anions using laser pyro lysis. ' rhese were very significant developments that allowed for 
the production of the presently claimed materials. Since the time that the present inventors 
performed this work, the research community has confirmed that the inherent low rate 

/ercome through the use of small, submicron particle size 
' transport. See, Striebel article attached at page A669, 
right column first full paragraph. Additionally, bulk lithium iron phosphate needs a carbon 
coating to overcome its very low electrical conductivity (about 10" 9 to 10" 10 S/cm) 9 which causes 
considerable ohmic drop within the ekctrode at high rates. It has recently been validated that 
small, uniform lithium iron phosphate powders have improved performance as a result of their 
improved rate capability in an unrelated effort by a French government laboratory. See the 
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attached article to Delacourt et al. and Striebel article at page A669, right column, first fuU 
paragraph. These results are consistent with Applicants previous experience that uniform 
submicron particles have improved rate performance. 

In summary, the cited references do not point to Applicants' claimed invention involving 
submicron uniform particles, the combined teachings of the cited references do not provide a 
reasonable expectation of success and the claimed materials have unexpectedly improved 
performance, as demonstrated with similar material recently synthesized. Therefore, the 
Examiner has fallen far short of establishing a prima facie showing of obviousness. Since there 
is no prima facie obviousness over the cited references, Applicants respectfully request 
withdrawal of the rejection of claims 1-4, 6, 7, 10, 12, 14-17, 19-21, 48-50, 52, 53 and 55-61 
under 35 U.S.C. § 103(a) as being unpatentable over the Kamauchi patent in view of the Manev 
patent 

Rejection Over Kamauchi et al. Manevet al, and Goodenough et al. 

The Examiner rejected claims 8, 9 and 18 under 35 U.S.C § 1 03(a) as being unpatentable 
over U.S. Patent 5,9 J 0,382 to Goodenough et aL (the Goodenough patent) in view of the 
Kamauchi patent and the Manev patent as applied to the corresponding independent claims. The 
deficiencies of the Kamauchi patent and the Manev patent are described in detail above. The 
Goodenough patent does not make up for the deficiencies of the Kamauchi patent and the Manev 
patent described in detail above. In particular, the Goodenough patent does not teach or suggest 
anything about particle size or uniformity. Therefore, the combined teachings of the Kamauchi 
patent, the Manev patent and the Goodenough patent do not render claims 8, 9 and 18 prima 
facie obvious. Applicants respectfully request withdrawal of the rejection of claims 8, 9 and 18 
under 35 U.S.C. § 103(a) as being unpatentable over the Goodenough patent in view of the 
Kamauchi patent and the Manev patent as applied to the corresponding independent claims. 
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Rejection Over Bodiger et al and Bi et aL 

The Examiner rejected claims 54-56, 58, 59 and 61 under 35 U.S.C. § 103(a) as being 
unpatentable over U.S. Patent 5,849,827 to Bodiger et al. (the Bodiger patent) in view of U.S. 
Patent 5,952,125 to Bi et aL (the Bi patent). The Examiner admitted that the Bodiger patent has 
many shortcomings. The Examiner cited the Bi patent for teaching uniform materials. With all 
due respect, Applicants respectfully assert that the Examiner has fallen far short of establishing 
prima facie obviousness. Applicants respectfully request reconsideration of the rejections based 
on the following comments. 

'To establish a prima facie case of obviousness, three basic criteria must be met. First, there 
must be some suggestion or motivation, either in the references themselves or in the knowledge 
generally available to one of ordinary skill in the art, to modify the reference or to combine 
reference teachings. Second, there must be a reasonable expectation of success. Finally, the prior 
art reference (or references when combined) must teach or suggest all the claim limitations. The 
teaching or suggestion to make the claimed combination and reasonable expectation of success must 
both be found in the prior art, and not based on applicant's disclosure." MPEP § 2142 (citing In re 
Yaeck . 947 F.2d 488, 20 USPQ2d 1438 (Fed. Cir. 1 991)). 

As an initial matter, Applicants would like to clear up some confusion that may have 
inadvertently propagated over rejections based on the Bodiger patent. In particular, claim 54 
depends from claim 21, which has a significantly different scope from the other claims. With 
respect to claim 54, neither the Bodiger patent nor the Bi patent teach or suggest lithium metal 
phosphates. This alone should be dispositive with respect to this claim. Claims 55, 56, 58, 59 
and 61 do not have this feature. 

With all due respect* the rejection generally has many levels of deficiencies. For 
example, neither reference teaches how to make nanoscale phosphates. In particular, the Bi 
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patent does not teach how to make inorganic particles with complex anions. Thus, while the Bi 
patent teaches laser pyrolysis, it does not teach formation of metal phosphate powders. Thus, the 
combined teachings of the references do not place the claimed materials in the hands of the 
public. The only phosphate compound described at all in either reference is aluminum 
phosphate. Applicants could not find any description of metal phosphates generally given that 
phosphorous itself is not a metal. 

The Examiner stated that "It would be obvious to one of ordinary skill in the art at the 
time that the invention was made to prepare a mixture with essentially no particle with a 
diameter greater than about 3 or 5 times the average particle size OR that at least about 95 
percent of the particles have a diameter greater than about 40 percent and less than about 160 
percent of the average diameter, as one of ordinary skill in the art would recognize that when a 
desired average diameter is disclosed in the prior art, choosing particles close to that diameter 
would be desirable for the function described in the reference. 11 With all due respect, this does 
not follow at all from the knowledge in the art. The Bodiger reference teaches only average 
particle sizes. The reference says nothing at all about the desired uniformity of the materials. 
The Bodiger patent describes a surprising and not understood reduction in burn times due to the 
inclusion of the inorganic particles. See column 1, lines 51-56. For all that is known, a broad 
distribution in particle sizes is needed to obtain this behavior. The Examiner's broad statement to 
the contrary is certainly not a suggestion in the art that flame retardants would benefit from more 
uniform particles. Furthermore, the reference certainly does not suggest how such uniform 
materials could be obtained. Thus, there is simply no teaching of all of the claim elements, and 
the Bodiger patent does not provide a reasonable expectation of success. 

The Bi patent does not teach how to make inorganic phosphate particles or any other 
particles with complex, multi-atom, anions. Thus, the Bi patent does not place the presently 
claimed uniform phosphate particles in the hands of the public. In this regard, the Bi patent does 
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not make up for the deficiencies of the Bodiger patent. Also, the Bi patent does not describe the 
desirability of uniform nanoscale phosphate particles. 

In summary, the Bodiger patent and the Bi patent alone or combined foil to teach, 
motivate or provide a reasonable expectation of success with respect to the claimed particle size 
uniformity. With all due respect, the Examiner has fallen short of establishing prima facie 
obviousness of Applicants 1 claimed invention over the Bodiger patent in view of the Bi patent. 
Applicants respectfully request withdrawal of the rejection of claims 54-56, 58, 59 and 61 under 
35 U,S.C. § 103(a) as being unpatentable over the Bodiger patent in view of the Bi patent. 

CONCLUSIONS 

In view of the foregoing, it is submitted that this application is in condition for allowance. 
Favorable consideration and prompt allowance of the application are respectfully requested. 

The Examiner is invited to telephone the undersigned if the Examiner believes it would 
be useful to advance prosecution. 

Respectfully submitted, 

Peter S. Dardi, Ph.D. 
Registration No. 39,650 



Customer No. 62274 
Dardi & Associates, PLLC 
Suite 2000, U.S. Bank Plaza 
220 South 6th Street 
Minneapolis, Minnesota 55402 
Telephone: (404)949-5730 
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Size Effects on Carbon-Free LiFeP0 4 Powders 

The Key to Superior Energy Density 

C Ddacourt^* R Poizot," S- LevaKegr," and C. Masquelier*** 
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C-tree LiFeFQ,, crystalline pOwdeni were prepared by a synthesis method based on direct precipilalian under atmospheric pres- 
sure, The panicle size distribution is extremely narrow, centered on C;i. 140 nm. A sott thermal treatment, typically Jit .50OX fnr 
3 h u niter slight reducing conditiims was to be ncucMsry to obtain .latirfaL-tofy electrochemical Li* dcinscrtion/inscrtinn 

pmopeitics. This thermal treatment docs not lend to grain growth or sintering of the panicles, und docs not alter the surface of the 
p:micl<» The. electrochemical peifofmanccft of the powder fihr.tiTicd by this synthesis method arc excellent, in tea-ma of ypceiuc 
capacity {147 mAh al 5C-rate) a? well ys in terms of cyclubilily (no oijpriticant capacity fade after more than *t()0 cycled, 
without (he need of carbon coating. 

© 200a -Hie Electrochcmwat Society. [DOI: JO. 1149/1.2201987] All ris;hlr. reserved. 
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Olwinc-typt? LiFcPO*, namely, triphylitc. was fim proposed by 
Padhi ct al. in 199? tci be used as a positive electrode material for 
Li-ion butteries.' Li + dcinscnton/insertion oTihis compound occurs 
at a potential value of ca. 3,45 V vs Li* /Li with a high theoretical 
specific capacity of 1 7 1 mAh g~' . The main drawback of this cheap 
and nontoxic material is its low gravimetric density besides a poor 
electrical conductivity which limit* the Li + Ucin^crtion/jnscrtion 
rates, and bence the practical specific capacity. To overcome this 
problem, several chemical routes so as to produce carbon coatings at 
the surface 0fLiFcPO 4 particles were proposed. 5 ' Beside* increasing 
the overall conductivity of the material through an electron ic pcreo- 
Jating network around the particle*, one generally agrees that such 
coating also prevents pmiclc growth and sintering during annealing 
treatments ?~ 

The presence of carbon has a dramatic impact though on the tap 
density of the powder: it is reduced by 2 when only 1 wt % carbon 
id present in the composite material, which gives energy densities 
only half of those of standard materials such as LiCoOj. Moreover, 
a recent comparative electnichemjcttl study and kinetic modeling of 
£iFePQ 4 powders from different sources concluded that the average*, 
particle size of the materials as well as their distribution (namely, 
the psd)* must be narrowed in order to obtain an ideal material."* 3 

AC und dc conductivity measurements of C-free LiFeFQ 4 dense 
pellets suggest that carbon coating is fax from being the only route to 
explore for pmdueing u more efficient LiFep0 4 electrode. Li 4 * con- 
ductivity is indeed likely to be in the same order of magnitude or 
even lower than the electronic one.* A recent DFT contribution of 
Maxjjicli ct al. confirms our experimental data, as a transport mecha- 
nism involving (Li^. cp e *) and (Hy\ hpj exciton-like tin a si par- 
ticles (m FePO. t and LiFcFCXi, respectively) is envisaged. (1 LbniUi- 
tioiir; appear then to he both ionic and electronic which Rtrengthen 
the importance of tailoring as small particles as possible so a,i to 
.shorten both electronic and ionic pathh within the particles. 

Along thai line, Chimic douce is a well-known method lo pre- 
pare materials having controlled panic tc size with narrow siac dis- 
tributions. Among the numerous recent contributions on the precipi- 
tation of iron-based nanocompounds, one may qtioin n.ino-Fc^O^ 
and nano-F^O^. 11 * 1 * 1 TianoparticlcK oi T Jioor(>bouA IvydraUid iron 
phosphates of formula FcPCVwH 2 0. l:, Regarding LiFcPO,,, soft 
chemistry has been restricted so far to the precipitation under hydro- 
thermal conditions.' 4 '^ Tujimi and Nvspl dvmonstated first dial car- 
bon enating was not any longer essential for rtminding good nlcc- 
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trtjcbemicit) activity: tluraugh the use of lurjaetimte sncb as PUG, 
carbon-iTee LiFcPO^ particles ranged between 0.5 and 1 ,5 u,n> with 
a specific capAcity of l40mAhg"* at a enrrent density of 
0.5 niA cm" 2 . Nuspl et al. re]xn-tcd on a carbon- tree powder with 
u narrow particle size distribution (average in the 400 to 600 niri 
range) that could deliver 1 14 mAh g _ l at 8C rate. 17 " 19 

Experimental 

Based on our recent findings on the direct prccipjiAoon of crys- 
talline LiMnPO* wiih parti dc size timund 100 U\ 150 nm, undo 
atmospheric conditions/ 3 wc used n similar approach for thr, syn- 
thesis of carbon-free LiFeP0 4 particle.* at low temperalttre under 
4tinosphoric. pressure. 24 To this end, wc rtrxt undertook a detaUed 
thermtMlynaTTiic yearly of ihe Li + ^'e(il)/phosphate^ 3 0 system fo]- 
luwjng otir extensive ptievioas studies tjn the precipitation of 
FeP0 4 -2K 2 0 anotmpcA.* 3 Precipitation of LiPePO* may occur al an 
optimal pH value close to neutral Uy ;w plotted bi the solubility-pH 
diagram sliown in Fig. J. A mixture of 0.1 mol L~ l tiF Fc(Tl) sulfate 
(FeS04'7H 2 0, Sigma Aldricb) and 0.1 mol L" J HjPO^ (BaJcer) wa« 
neutralized to this average pH value by slowly adding 0.3 mol L _I 
of LiOH (LiOH-H^O* Alfa AcfcirV leading to a green mixture which 
was subsequently kepi under refiuxing conditions for ca. 16 h under 
magnetjc stirring- The green- grayish precipitate thus vhtdincd was 
then recox'eiicd by centrifugation. washed Several Limes with distilled 
wnicr and acetone and finally dried in an nven ai 50°C for one day 
(F«"g. 2). For electrochemical measurements* the precipitate was pre- 
viously annealed for 3 h at 500 *C under a N 2 /W 2 gas flow m order 
to fully dehydrate the material and reduce the possible 
Fc( TO J- containing impu t itles. 

X-ray diffraction (XFtD) experiments were performed on a Pliil- 
ipy PW 1710 diffractomcter (Q-2Q, Cu Km radiation, back mono- 
chromator). Powders-' morphology was observed by scanning elec- 
tron microscopy (SUM) by mean* of a Philips HEC XL- 30 and by 
transmission electron microscopy fTEM) and hjgh-jresoitnion TEM 
(HKTEM) by using a I^ET Technai F20 S-Twin. Particle size distri- 
bution (psd) was determine! from image analysis of SEM pictures 
of the LiFeP0 4 powder Electroclientical lithium deinscnion/ 
tnscriion lescs were performed either jn Swngclok-typc cells <>r in 
unin ccILs, which wctc hoih usKemMed Lu an argmi-fillcd dry box. 
ITic negative electrode was a disk of lithium metal foil. A Whatiman 
GF/T) horrutilicate filass rllicr «bcct, «oakcd with a J M T.iPF rt salt 
dissolved in 1:1 EC/!)MC Holtition (Merck, t-P^0). w»$ plavtd be- 
tween the two electrodefl. The positive electrodes simply consisted 
in a mixttiTc of the C-fVee LiFePO,j obtained from ihts precipitation 
and ketjen black carbon (EC-600 JD, Akzo Nobel), by means of a 
mortar and a pestle. When used in n Swagelok. the positive electrode 
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Figure I. (a) Distribution diagram of solid compounds in equilibrium with 
(he solution (molar ratio), (b) Solubility diagram nt* phosphate: (c) Sohlbility 
diagram of fie(n). Conditions: [FedO]!,, ~ [Pnwphaic}^ =± OA M. [li*] 
« I M, an hypothetical pff* value of 12 was chosen far LiFePOji. 



material, thus obtained was directly led onto the current, collector 
(typrccil loading of ~ 14 tnc, for 1.3 cni 2 current collector area). 
For coin cells, n Blurry of the electrode material and 
N-rneihylpyrrolidDne (NMP) was made and deposited onto the cur- 
rent collector. The electrodes were left for at least 3 h in an oven at 
100°C U) order to nilly evaporate the NMI*. The typical loading in 
this case war comprised between 2 and 5 mg (for 1.9 cm 2 current 
collector area). Lithium dcroaertinn/iiiserdou was monitored either 
with MticPile or VMP cycling/data recording systems (Biologic SA, 
Ctais, France), operating in galvauotfatic mode. 



Results and Discussion 

The XKD pattern pf the precipitate obtained fox 1 A h aging under 
rcflirxing conditions is given in Fig. 2. It was entirely indexed 
in the space ^roup Prmia reported for LiFePO* (ICSD no. 200155) 
with Lattice constants a = 10.294(2) A. fe = 5.974(J) A, and c = 
4.694M) A, i.e., seller than usually encountered for TjFeT J 0 4 pre- 
pared through more classic ccnimic routes. We do not kmnv yet 
what is at the exact origin of such behavior. Unlike I-iMnP0 4; the 
nuclention and growth of the oliv.inc-type phase T-iFePO* occurs 
very quickly as crystalline samples were obtained after OS small as 
15 inin under rerluxing condition*. The nucleation step is thu* likely 
to he predominant over the growth, which leads tn very small par- 
ticle size comprised between 100 and 200 nut. ns illustrated in the 
inset nf Fie. 2. 



-I — ' — T 




i i 1 1 i i i in m ii h p mi ii iiing 



15 



T 

20 



— T" 

25 



3(1 35 40 45 50 55 60 
Diffraction angle 20 (°) - CuKa radiation 



40 



i 

50 



Throve i. XRD diagram of tlte as-ohtnined precipitate after tfi h «f reaction 
under rcfluxing conditions. lns«: SEM inuuw at* the particle having stse 
comprised between 100 and 200 mm. 



Prior to perform electrochemical characterizations of the; 
LiFteP04 powder, a heat-treatment under reducing condiiions (typi- 
cally a Nj/10% H 2 ga* flow) was ensured so as to reduce the small 
amount of Fo(JII) together with the removal of parasitic M OHT 
groups through water departure. Indeed. Mtissbauer spectroscopy 
revealed that the pristine LiFeF0 4 powder* may contain up to 
15-20 atom % of Fe(III). The presence of OH groups was attested 
by Fourier transform <FTIR) measurements: a weak ah sorption band 
was delected at *~3270 cm" 1 and was related to O-H bond stretch- 
ing into the amorphous LiFeP0 4 (OH) phase, from a comparison 
with the FTIR spectrum of crystalline LiFeP0 4 (OH) (Tavoitlte, 
ICDD no. 41-1376) (not shown here). This also suggests that slight 
amounts of amorphous LiFeP0 4 (0H) aimporiiion are present 
within the powder, which 5s concordant with the presence of Fe(lII). 
Figures 3a and b are SEM find TRM micrographs of a LiFcPCi 
sample hiat-ireated at 500°C for 3 h under N a /I0% H z gas Jtow. 
Note that the temperature and the dwell time of the thermal trcat- 
jncnL are signiRcandy reduced compared Lo a ceramic synthesis pro- 
cess. Coarsening of LiFeP0 4 particles is hence significantly re- 
duced, attd the average particle size remains in the range of 
100-200 am- Note, however, thai the particle nwrphology has 
changed during 0)e thermal treatment* from parallelepipeds for the 
as-rrutdc precipitate to spheres for the annealed powders. From SEM 
analyses the particle size distil bution (psd) could be detmnintd 
(Fig. 3c). The d50 value is ~ 140 nin, while die relative Ppan, de- 
fined n» (d90-dl0Vd50, is about 0.30. The psd is much narrower and 
shifted towartl smaller values than thot reported by Nuspl ei i\h for 
LiFcPO^ hydrotherttuilly synthesized. 1 * 

Surface reactivity is generally enhuncod for divided powders, 
especially during thermal freattnents. To identify the possible exis- 
tence Of par a si tie phasea Ruch as iron phosphitjes at the unrface of 
the heat-treated LiFeP0 4 powders- HRTEM observations coupled 
with BOX analyses in STEM mode across LiFePd particles were 
carried out (not shown here). The absence of any amorphous layer at 
the surface of the particles together with (he constaocy of the Fe/P 
atomic ratio from the particle core to the surface clearly accounts for 
the absence of an iron phosphide layer around the particles. This 
conclusion was sttengthened by ac conductivity measurements on 
dense sintered pellets «f the material which Khow that the electrical 
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Particle size (ntti) 

Figure 3- (a) 5BM. (b) T£M. and (c) volumetric particle size distribution (obuiincd from image analysis of SEM iuiftges) or tlic (Mice UFePd powder 
obtained after a IwaUrcaimcnt oi 50D e c under N-J10% atmosphere for 3 h. 



conductivity value of the bulk is comparable to that reported in 
Ref. 9 for pure LtFcPO*, prepared though a ceramic route 
(oot shown here). 

As shown in Fig. 4. Li + clcir^crtion/irjsertion of the LLFeP0 4 
powder mixed with only 5 wt % of toetjen black carbon proceeds 
with an extremely small polarization, even tinder high current rates 
(C/2 during discharge). leading txi a high reversible specific capacity 
of ea. 145 mAh g" 1 . This excellent performance is mostly due to the 
lowering of the particle size, and hence we wish to stress that carbon 
coating is no longer required for such a dWkled materia]. Note also 
that no significani. capacity fade was observed, even after mow; than 
dOO charge/discharge cycles: this may be due to the observed fact 
ibat T„iFcPO. t particles are highly monodisperse (very narrow psd 
centered on 140 nm) leading to an homogeneous current distribution 
within the electrode. Figure 5 shows signature curves obtained by 
varying several parameters, such a* the amount of carbon in the 
positive electrode, as well as the type of positive electrode and cell 
configuration used. At low charge/discharge rates, an increase of the 
carbon amount from 5 to 16.7% leads to a constant increase of the 
spcciOc capacity of ~ 15 mAh whatever the C-rate used. For 
higher charge/discharge rates (typically >1 C for cells made whh 
powders), the influence of the carborj amount become* more impor- 
tant. Even at ,5 C rate, discharge specific capacities as high as 135 



and 147 mAh cT l arc obtained for LiFcPO,, electrodes made from 
NM Abased slurries, and containing 5 and 1.6.7 wt % ketjen black 
carbon, respectively. 

Conclusion 

A soft chemistry method allowed the preparation of C-free 
LiFcPOo particles in the range 100-200 urn, with a very narrow 
particle size distribution.. This material, after a heat-treatment under 
slightly reducing conditions, exhibits very satisfactory etectrocherai- 
cal properties in terms of specific capacity and capacity retention 
upm cycling. These properties are directly linked to the small par- 
ticle size, which lowers both ionic and electronic transport within 
the particles. The performances reported here, in terms of apecitic 
capacity related to the active material, are identical or slightly higher 
than those reported for C-coated LiF»MV V,M ^ey therefore 
superior in terms of energy density due to tbc absence of C-coating. 
To conclude, besides being very attractive on a practical aspect, 
LiFePOv-type electrodes bring us new insights about the importance 
of size effects on the cJccttOcbcmica] activity. By transposing the 
same concepts to more insulating materials such as LiMuFCV one 
would expect that a huge decrease of the particle size should be the 
key point for an enhancement of its electrochemical activity. 
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Figure 4. Galvanostaiic ehnrgc/djschni$e profiles at Z0"C of jui electrode 
composed of C-frcc JJFcFO A (bent- treated powder) mixed with 5 wl % of 
tcftrjnn black carbon. The ctiarge rate (1 c" per formula unit cxchnnflcrt in 
5 h) is lower that than of discharge (I o" per formulii unit exchanged ia 2 h). 
Ittset: Specific capacity retention of the active material - 
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Figure 5. Evolution of the spcdJfc wH in w l i* ; * illative to the active material 
as a function of C-rtttf. ftt 20 °C. Electrodes marie from NMP slurries arc 
composed of ~ 3 rag of active material -1- ketjen blnck carbon and art cycled 
b coin cell*. Eleeundc* directly made from powder* of AM + Jcnjcri black, 
carbon ftXC lorded with - M mg and arc cycled in Swag;clok-lypc cells. 
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Comparison of LiFeP0 4 from Different Sources 
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The lithium ituti phosphuw chemistry is plagued by poor conductivity and .slow diffusion in the solid phase. To alleviate Oicae 
problems, various research groups have adopted diffcrcrtl strntegjes, including decreasing the particle rites. Increasing Uic cnibnn 
codiciil and adding dopnnts. In this suuty, wc obtained LiFePO* powders and/ot electrodes trom six different sources and used n 
combined modd-c*pcnmcntul upprouch lo compare the performance. Samples runted from 0.4 to 15% "rri Curbon. In 
addition, particle sizes varied by a? much, as r»n order of magnitude between .samples. The study detailed in this manuscript allows 
us 10 provide insight into the reUuve importance ofthc conductivity <yf. the samples coirtpai-cd to the particle sitc, the impact of 
having a eisJlribuliun in particle sizes, and ideas fur making material* to maximize the pnwer capability of thiss chemistry. 
iSD 2005 The Hlcrtrochcmical Society. [DOt; 10,1 J 49/ 1. 1 SOW?] All fights reserved. 
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Lithium iron phosphate (LiFePO*) is a pitnriismg candidate Tor 
low-cost lithium batteries because it baa a high theoretical canarity 
( 1 70 mAh/g), excellent stability during cycling, and prospects for a 
safer cell compared with LlCoO^' The major drawback with this 
material has been that it has low electronic conductivity* on the 
order of ICT* S/cm. 2 This renders it difficult to prepare cathodes 
capable of operating at high rates. Significant research has recently 
been focused on the incorporation of conductive carbon, into the 
active material rmwder* 3 ""* or the doping nf ihc JJFePO* structure to 
improve it* electronic conductivity/" 6 Our group has been studying 
the carbon-coated LiFcFO* invented at Hydro-Quebec 5 and now 
supplied by PhosTccti (Montreal, Canada) m pouch cclU prepared 
with natural graphite anodes and either liquid' or gel electrolytes. 
Huang si al. reported the preparation nf I ,i FePO^ in a carbon gel 
matrix where the active material is dispersed in a carbon prepared 
frvm a re^orcinol gel," More recently, other labs arc reporting excel" 
lent results from carbon -crated LiFePO^ made by other tech ni quest 
such as gel -coating 9 and a carbothcrmal technique. 10 fn addition to 
having low electron! e uemduutivity, lichium and/or electron diffusion 
in the active material has been reported to be slow, with consider- 
able luss in utilization with increasing current. 11 

Because of the kiw electronic conductivity of I he active material. 
LtFcK) 4 , the performance of a LiFePO* cathode depends on the 
amount of carbon in flic smicture, either in situ (/.<?., either formed 
during the preparation of die active material or formed intentionally 
hy adding, sugar solution followed by carbonization) or mixed 
in with the binder. However, Docffef al. also found that the relative 
quality of die in site carbon on the LiFe?0 4 particles plays a major 
role in cathode performance, 1 : The quality of the carbon. resulting 
from the addition of different organic precursors, was compared by 
measuring the apVspr character of the carbon in the LiFcfO^ after 
riling, by Raman spectroscopy. 

In another approach to the problem, Chiang ct ah claimed tliat 
doping (substituting) or part, of the U in the structure for Nb, Zr. or 
Mg resulted in an increase jit the electronic conductivities by eight 
orders of magnitude. 2 However, there have recently been some chal- 
lenges to those findings. 13 The improvement pf the electronic con- 
ductivity of au active-material powder is difficult to measure be- 
cause most preparations involve organic precursor* that result in 
residual carbon. In addition, the conductivity measurement requires 
dense pellets that, in turn, require higher temperatures (tor sintering) 
than whnfc is used to prepare cathode-active powders. This increases 
the risk for converting part of the LiFePQ* into other (highly con- 
ductive) phases *wch as Fc 2 P. M 

There arc clearly several approaches to the preparation of a low 
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electronic conductivity active material, such as UFeP04. into a 
high-performance cathode. The rclaljvc intrinsic conductivity as 
well as the location and quality of the added 01 hi carbon play a 
role. Tn addition, poor solid-phase transport mean* that the utili ra- 
tion of the active material is a strong function of the particle size. 
Tugcthcr. thefce factors lead to a strong dependence nf cathode per- 
formance on the loading and thickness of the clecrxodc. This depen- 
dence on loading makes it difficult to compare the merits of di fferent 
preparation techxiiqucH for LiFcPCX,. In this work, wc prepared cath- 
odes iVorn many sources of JLiFcPO*, The performance at different 
rates was measured in hatf-ccUs, and trie inevitable difference:; in 
cathode design were tiorrruUizcd tliroiigh the use of a mathematical 
model of the discharge process in the LiFePO* cnthodc. 

The model is based on the one developed previously by Doyle cv 
al in that it incorporate* charge and mass balance in the porous 
eJectrode and inaction at the interface. 15 Whereas the previous mod- 
el* have described the solid-phase phenomenon using intercalation 
behavior (division in spherical coordinates), the present model de- 
$eribes the phase change thai is known to occur in LiFe>PQ 4 using 
the "shriuking ewe" approach 1 fi in keeping with X-ray difrrrictirin 
(XRD) evidence of the existence of two phases. 1 1 

Experimental 

LiFcPQ 4 powders with varying amounts of m situ carbon (car- 
bon resulting from the phosphate prcparatum) were used as received 
from the Tnsiitutc of Chemistry (Lubjjaoa. Sloveoja);, Hydto-Qucbcc 
(HQ) (Quebec, Canada), the TJnrversity of Waterloo (Waterloo, 
Canada), aiid thii State University of New York (SUNY. Bingltam- 
lon y NY). The LiFeP04 powderfi were combined with? carbon black 
(Shuwinigan) and/or graphite (SFG-6) and mixed inlo 3 slurry with 
pory(viny]idene fluoride) (PVdF, KurenajAV-mcthyl pvwilidonc. 
Slurried wei*c caAt with a knife-edge coatcr on carbon-coated A I 
current collectors, prepared in-house frotn a vciy thin coating of 
PVdF-bondcd Shawinigwn black. These electrodes wure made in a 
near-identical manner to minimize the impact of electrode construc- 
tion. In addition, prcmadc cathod&s were received from the Massa- 
chusetts Institute of Technology (MIT) and the Lawrence l5crk.clcy 
National Laboratoiy (LBNL) Materials Science Division. The MIT 
cathode was prepared from 1% 7-r-dopcd LiFcPO rffc 2 and the U3NL 
callrodc contained LlFcP04 pitsparcd with the sol-gel technique with 
the addition ofpyrntnclitic acid to the procursor mix. 1 * Tlie COmpO- 
bitions of each electrode (i.e., active material, carbon and/or. graphite 
and binder content) tut well a$ thickness and loading wen; known. 
Several of these parameters arc listed in Table T. The electrodes were 
tested in identical SwageJok cells with the same electrode aroa 
( I cm 2 ) and a spring-loaded current collection piston w us to nmm- 
tain similar compression during testlitg. However, as the two pre- 
madc cathodes were not constructed in an identtcul munnct to the 
rest, cJianging the fabrication technique could yield dirTcrcnccs in 
the results from the ones reported in this paper. In other words, the 
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model parameters extracted for tbCAC two cathodes would be a re- 
flection of not only the materials characteristics, but also the 
ckctrodc-coriStructif>a charaacristica. However, the LBNL cathode 
construction recipe is aimilar to the one9 used in this paper; there- 
fore, the impact of electrode construction is expected to ho minimal 
on the results reported here. 

The powders were analyzed with XRD to verify phase purity and 
get art estimate of the average crystallite size by whole pattern fit- 
ting. Cafliodc performance was tested in a half-cell, as discussed 
above, containing Li reference and counter electrodes, with either 
1 M LiPF 6 or 1 M LiBF* in ethylene carbonate/dicthyl carbonate 
electrolyte and Ccl^ard separators. Electrode capacity was deter- 
mined at a low rate (-C/25), and high-rate utilization w*s> mea- 
sured at discharge rates from CJ5 to 1 0C (based on a capacity of 170 
mAh/g>, as controlled with an Arbir Battery Cycler (College Sta- 
tion, TX). 



Model ]>evel«ptrnMit 

The model developed describes the diffusion of lithium and/or 
electrons in the solid phase and the phase change in the material 
using the shrinking-corc approach, with n core of one phase cover- 
ing a shell of the other phase, as described previously. Tlic model 
solves for the diffusion in the shell and the movement of the phase 
interface by aRsuming that the concentration at the phase interface is> 
at equilibrium. In addition, the distributed reaction in the porous 
electrode is described using porous electrode theory, and the change 
in concentration of the electrolyte js accounted for using concen- 
trated solution theory, as described previously- * Two particle sizes 
are included in the model to approximate the behavior of a true 
particle size distribution. The carbon C03tirtg thai is known to exist 
in thia material is not described in the model, and no distinction is 
made between this carbon and the extra added carbon when elec- 
trodes are fabricated. Instead, all conductivity effects are combined 
into the matrix phase conductivity, whose magnitude is thought to 
capture the impact of both these carbons. 

Note that in the solid iron~pbc*pham particles, the lithium and 
the electron &rc envisioned to form a dilute binary electrolyte. This 
allewa us to collapse the diffusion and migration terms into a single 
Fick's law-type equation, as shown hi Newman. This means that 
the diffusion coefficient used in this paper an effective difmsjoti 
coefficient which takes the form 



[1] 



where r represents die charge <m the ioru « the mobility, and D the 
diffusion coefficient. The subscript + represents the Li ion and the 
— represents the electron. Using the Nernst-Emstcin relationship to 
rclotc the mobility to the diffusion coefficient and substituting in the 



Therefore^ the diffusion coefficient used in this paper depends on the 
relative magnitude of the electron and lithium-Ion diffusion coeffi- 
cients. Recently, Morgan et oh used Brctt-prineiple calculations to 
estimate die diffusion coefficient of lithium in LiFcPO* u&wnriirig 
that tbc concentration and mobility of electrons are large. The 
author* Loncludcd that the transport of lithium in the lattice is very 
large (of the order of 10~ y cm : /s), thereby suggesting that electron 
transport is slower than lithium-ion transport in rhin material. Us- 
ing thiti result in £q. 2 suggests that the diffusion coefficient used in 
thi$ paper (8 X 10~ tR inVs) would he two times the diffusion coef- 
ficient of electrons in the LiFeP0 4 lattice. However, if lithium trans- 
port \& also equally important wh en compared to the electron trans- 
port as argued by Yang et al,*'* then, using this nttuH in Eq. 2 
suggests that the diffusion coefficient used here is equal to the dif- 
fusion coefficient of lithium ions (which is $rmiW to that of ihc 
clecUOnfi). 

Wc have previously used a well -characterized cell, hu/icd cm ihc 
HQ material, where the particle sizes, area for reaction, loading, 
and thicknesses were known, Uj mm pure the model tu the data 
and extract unknown parameters.'* This cell, was iwcd to estimate 
the equilibrium potential expression and the composition ranges nf 
the single-phase regions in the material. The difTusioit coefficient 
of efecxrons in the material was fit using the model to experi- 
mental data, resulting in a value of 8 X 10~ 1H m 2 /«, consistent 
widi values reported in the literature. The kinetics -was assumed to 
be large, keeping with the prevalent view that the Li reaction is 
fheile. A value of 3.14 X 10"* A/tn 2 [ at a reference conccntratiorj of 
1 M and 50% state of charge (SOQJ was u,scd for me Emulation*. 
These two values were then maintained for all the simulations re- 
ported here. All electrolyte properties were the same a* those used in 
Rcf. 16 and correspond to UVF B salt in either ethylene carbonate 
(EC):ethylmethyl carbonate or GCitiethyl carbonate. One cathode 
used in this study (MIT) was cycled in LiBFj electrolyte, but due to 
lack- of transport properties for una salt, the simulations were con- 
ducted using the properties for LiPF 6 . \Md have previously shown 1 
thai electrolyte drops are negligible in cejls with thickness and po- 
rosities similar to those used in this study. Hence, the electrolyte 
transport properties used should have little impact on the results 
presented hevc. 

The comparison of the various materials imported here was per- 
formed by first fitting the model to experimental data at vitriou* rates 
to extract ihc two particle sizes, the matrix conductivity, and the 
contact resistance, and then U$ing th*»e numbers to simulate behav- 
ior for a fixed cell design. Measuring particle fiiwjfi using transmis- 
sion electron microscopy (TEM) can be difficult due to agglomera- 
tion effects. Tn addition, trie technique result* in a range of si^es. 
whereas the mode) requires the use of twn characteristic sizes which 
give the Sarnc overall behavior as the real electrode. Finally, the 



charec of the tlectron and the lithium ion, Ed.. 1 can be rewritten as 
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.Figure 2. Slow rate (C/2?) discharge curves of tlie six LiFcPOj electrcxkp 
Li reference aaO counter electrodes measured at 35'C 



Results and Discussion 

LiFcPOj material* properties— The saraplCB were received 
over a period of a year and da not neccKfl&rily represent the beftt 
LiFcPO* from any of the lata. The low-caifcon aaraptc from SUNY 
was included as a baseline material to show the performance of 
LiFePCU with very low carbon content. However, the carbon in this 
sample wajt measured to be 0.4% by Luvak I,aboiatoricp (Buylston> 
MA). This amount of carbon resulted from the incomplete combus* 
tjon of tbc organic rxecutsors. XRD analysis was carried out for 



surface area measurement*] based on the Brurjauei Emtnett > and 
Tetter m.otbod from which particle size can be estimated,, can result 
in areaa that can he different from the electrochemical surface area, 
especially for samples that have a lot of carbon. For these reasons, 
the particle sire was chosen as a fitting parameter. The approach 
vwd for incorporating the particle size involves three additional pa- 
rameters*, the sizes of the small, the large, and the average particles. 
The mzca. of the &m*D and large particles dictate tbc transport tosses 
id tlie system, and the size of the average particle is needed to find 
the total lairfacc area of reaction, which in turn affects the kinetic 
lnsr>L'fi. As the exchange current density is taken to be fairly li«rge, 
the area has little impact on the simulations; therefore, the model 
can be thought to have two unknown parameters that describe the 
particle sissc, Wc fast fit the model to the utilization at the largest 
current to find the size of the small particle. Subsequently, we fit the 
utilization at the lowest current to find the size of the large particles. 
The parameters are then tested by predicting the utilization at other 
currents. An average value between these two limits was used for 
the area calculations. As noted earlier, this quantity ha* little signifi- 
cance to the results shown tn the paper. The slope of the potcnti in- 
capacity curve at intermediate capacity values at the largest current 
is then used to extract the matrix-phase conductivity. This slope 
occurs because of a changing reaction distribution in the porous 
electrode as discharge proceeds. Subsequently, we fit the voltaic 
drop ar this current to find the contact resistance between the citirent 
collector and the electrode. The contact resistance was negligible for 
all materials ccccpt for the one prepared by the MIT group. These 
two values arc then tested by predicting the voltage and the slope at 
all other currents, F<jr each material, the C/25 discharge curve wa.s 
assumed to represent the ecpiilibrium potential in the single-phase 
rejgion and a curve fit to an equation was used in the nwidcl. This 
dati> wjia olso used to calculate the maximum enpacity of each elec- 
trode. Once these parameters arc extracted aud tested* the compari- 
son of the various materials is performed by simulating their behav- 
ior for a single thickness, porosity, and volume fraction of active 
material. 
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Figure 4. Morifii-cxpcrimcntal comparisons of discharge curves at various 
rates for {a) HQ a»d (b) LBNL material. Sec icxt for details. 
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Figure S. Mwld^xperimeuial. coiRfwrlsons of discharge curve* lor (ft) MIT 
and (h) Slovenia material. See text for dctaik. 



most of the electrodes, as shown in Fig. 1. Comparison of tlie pow- 
der pattern for All LiFcPOa samples shows that they ore well crys- 
tallized in the orthurhorobic (Pmnb) structure of LiFeK><.. 2 21 
However, sonde powders show a few vary weak reflections from 
Fc 3+ -coricaining impurities such as irou mi.de and/or lirhiated iron 
oxide. The weak reflections are mostly due to tbe low coTwcrrtfation 
of material in the powders as well as the lower cty stallinity. Crys- 
tallite sizes were calculated from these diffraction data by wbok- 
pattem fitting. These arc nimrnarized in Table J, along with the 
sources of LiFePC) 4 * the percentage of in situ carbon (carbon result- 
ing from the preparation process), and estimates of the primary par- 
ticle sizes taken from the literature or supplied by the various 
sources of the LiFcPC>4 materials. The large variety in particle sizes 
and particle -size- distributions mirrors tbe wide variety in preparation 
techniques used for the active materials. 

Elcctmcfwmical studies.— The compositions and losings for 
the difFcrent cathodes tested are listed in Table T. The fraction of 
active material in tbe cathode matrix ft;! J in the range of 1S~%1%. It 
was not possible to keep tbe total carbon content the name because 
the Waterloo active-material powder contained 15% carbon and tbe 
MIT caibode only 10%, aa received AU the cathodes wene tested 
with rwo cycles at C/25. Tbe second of these discharge cycles is 
compared in Fig. 2. A sped lie capacity close to 150 mAh/g was 
observed for nil of the cathodes except for the highest and lowest in 
situ carbon samples (0.4 and 15%), as summarized in Table I. Tlie 
capacity of the Waterloo mnteTi.il wan much lower than reported 
previously 4 and may hint at a degradation process in this material. 
Note the differences in the shape of the equiUbrium curve at the end 
of discharge. Whereas the drop in potential 13 very sharp for tbe 



more gradual drop. Although a C/25 discharge may not be a true 
thermodynamic measurement, this may indicate differences in the 
phase composition in these roateriato. 

Our standard protocol for variable-rate measurements uses a con- 
stant charge at C/2, bo that all the discharges start from the same 
place and the test con finish in a timely fashion. However, for mod- 
eling purposes, it is more convenient to assume that the cathode 
starts at a fully cbatged Atotc be tore each variable-rote discharge. 
Therefore, except for the MIT cathode, the variable-rate discharge 
data used for the modeling effort were recorded after a C/25 charge. 
The curves for the C'5 find SC discharges for the six L.iFgPC^ cath- 
odes are compared in Fig. 3a and 3b, respectively. Clearly, some 
treatment of the LiFcP0 4( cither doping or deliberate in situ carbon, 
is necessary for adequate performance of LifePO^ This is consis- 
tent with the early work with uncoated samples/ However, further 
co m^rison of these data is difficult, because the best discbarge 
curve (for the MIT cathode) is also for the lowest-loading cathode. 
For this reason, these data were used for fitting purposes to enable 
comparisons between electrodes with the same design. 

Mackljlte oridpiTrfhdirmx.—TAw model described previously 
was run for all six sets of cathode discharge data, and the results are 
presented in Fig. 4-6. Pigur© 4a shows the model-cxpcrimenteil com- 
parisons for the H<) material. The excellent fits seen in this case are 
expected considering that this is the baseline used to extract the 
unknown parameters. Tbe model does not predict the initial sharp 
drop in potential before the plateau region. We believe that this is 
caused by a narrow smgle-phase region in the completely dcKfhiuted 
material As this single-phase region is not included in the model, no 
prediction of this behavior is expected. The k-nce in the low-rate 
(OS) curv« in Fig. 4a is caused by tbe two particle ri/cs in tbe 



materials prepared bv HQ and Slovenia, the other samples show a 
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model, An discharge proceeds, the small particles fill up faster than 
the Im^er ones. Typically, this mismatch in the SOC can be expected 
to result in a greater change in the equilibrium potential of the small 
particles compared to the large, resulting in a larger overpotential, 
thereby allowing the larger particles to "catcb up,** However, the 
relatively flat potential for this two-phase system docs not allow this 
to occur, and the mismatch between the two particles increases until 
the small particle* are altruist completely filled. At this point, the 
potential drops, and the reaction shifts to the larger particles., result- 
ing iti a second platcuu. Clearly, incorporating more particle w\?&* 
into the model would remove this artiiact. 

The model predictions for the LBNL material (Fig. 4b) are also 
excellent, especially in predicting the voltage drops with current. 
The fit is lacking in predicting the final drop in potential, especially 
at low rates. The particle sizes extracted far this material had one of 



die largest ranges among all the materials studied here (sec Table IT), 
This suggests that the model needs to incorporate mote particle si tor 
to predict this final decrease in voltage accurately. 

Figure 5a shows the predictions fox the material from MIT. As 
mentioned, this materia] shows a significantly (tlopcy profile at the 
end of dischai^e at low rates as compared to the other matertats 
studied. The remarkable utilization of this material is clear in the 
figure, where the discharge at the 3C rate shows a potential profile 
that suggests that decreasing the potential cutoff below 2.5 V would 
have resulted in the .material being completely utilized. This material 
stands out as having the best high-rate utilization. However, as the 
rate increases, potential drops occur in this material, suggesting that 
the preparation conditions have not resulted to an optimum matrix 
ccnductjvcty. In addition, this was the only electrode where a contact 
resistance was needed to get adequate fits to the data. A value of 
0.0O17 H-tri 2 fit the data adequately. 

Figure 5b shows the comparison for the Slovenia material Both 
the behnvior of the material and the extracted parameters are com- 
parable to those from the HQ material. Finally, Figure 6a shows the 
predictions of die material without carbon and Fig. 6b those of the 
material from the University of Waterloo. The poor utilization of the 
material without carbon, even at relatively low rates, is due to the 
voltage reaching the cutoff potential much before any transport limi- 
tations become important. As the electrode is ohmicalty limited, 
extracting transport-related quantities (particle size) is not possible. 
The University of Waterloo materia! shows excellent prediction of 
the voltage with current, hut poor fits in the drop itt voltage at the 
end of discharge, similar to the material rrora LBNL (Fig* 4b). This 
material has an even larger size difference between the small and 
large particles, as predicted by the modeL These two materials (Wa- 
terloo and LBNL) show a much larger range when compared to the 
other materials tested here, and this large range correlates with the 
inability of the model to predict The voltage drops at the end of 
discharge at low currents. This qualitative correlation gives credence 
to the assertion that incorporating more particles would give better 
fits in this regiou. 

Table 11 summarizes the particles sizes and matrix conductivities 
extracted using the model for nil the materiaR Note that thin is an 
indication of the smallest length scale over which diffusion occurs 
and is therefore different from an agglomerate size, typically re- 
ported in the literature. The sizes extracted are of the order of the 
crystallite size for the various materials (Table It). In some cases 
(<?.£.. LBNL), the small particle size extracted is smaller than the 
crystallite size. This is a consequence of using two sizes to approxi- 
mate a true distribution. It is clear that the MIT cathode data were fit 
witb the smallest size and smallest range of particle sizes. We be- 
lieve that tlm feature is the cause for the excellent behavior of the 
MIT material. The agreement with their particle-size data (from 
TBM) is remarkable. The particle sizes for the low -carbon sample 
are not significant due to the fact that the electrode was so obmically 
limited. The fits of the HQ and the Slovenia cathodes were similar, 
although mat for the HQ gave significantly higher matrix condtic- 
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Figure 7, Simulated dtscbrurge curves Utr the aix male rial? used in this study 
ai (a) and (h) faws. Compare with Fig. 3, which shows results for 
difTeretit design?!. Fig. 7 results are for the same design. 



tivity. Note that the matrix conductivity value for the HQ electrodes 
is large enough that ohmic drops are minimal. 

The fitting parameters from each source of LiFePO^ were used 
to calculate the expected performance for a cathode 85 jirn thick 
and with an active material loading of 9.175 mg/cner (the same as 
the RQ electrode). The calculated G'5 and 5C curves are shown id 
Fig. 7 and can be compared *n *hc experimental results in Fig. 3. 
Whereas Fig. 3 shows the experimental data with a different cell 
design for each material, Fig. 7 shows the simulations for the SEime 
cell design. Note that the Waterloo materia f hah almost ca. 
140 mAh/g in Fig. 7a as the. mass of all the materials has heen made 
the same to provide a fair basis for the comparison. In addition, to 
make the comparison of the MIT material ihit, no contact rc-si stance 
was used in these simulations. The excellent utilization of this ma- 
terial is dearly seen in Fig. 7b. although the potential drops arc more 
significant. 

The impact of the decreasing utilization and the drop in potential 
current can be captured in one plot by estiinnting the energy of 
the cell (area under the voltage-capacity curve) find plotting it 
against the average power (energy divided by the time of discbarge), 
in the form of a Ragonc plot, as shown in Fig. 8. Ah expected, the 
elective with die lowest t/t xfttt carbon shows tbc worat pexfor- 
manc*:, while ttic electrodes from RQ and Slovenia show the best 
high-rate capability. Although the MIT material shows much better 
imerrxiediate*rate behavior, a consequence of its smaller particle 
size, at higher rates, ohmic drops become move important and the 
energy decreases. The two materials that have the widest particle 
siite range, LUNL atid Waterloo, show poor intermediate-rat*; capa- 
bility. Of those two, the Waterloo material performs better due to the 




Power (W/m 2 ) 



1000 



Fiptirc S- Simulated Ragcmc plot for the materials nhidicd hern. Curves were 
generated using the parameters extracted from Use rnodeUayperiTiienud fits, 
as described in the tc\t, and using these values for a constant ceil design. 
Curve marked Weal jtpreseBts a hypothetical cell with particle nlzcs lukcti 
ijrom the MTT material awl conductivity of the matrix taken frutn ihc HQ 
rootcrinL 



Ideal cose. — To give tbc reader an estimate of what can be 
achieved for this material, we performed a hypothetical simulation 
by using the best feature* of these different moterials and represent 
it by the line marked Ideal in Fig. 8. This J foe was generated by 
using the particle size of the MIT material and the conductivity of 
the HQ material. Clearly as much as a doubling of the power capa- 
bility can be achieved by better material preparation technique*. 
Each of tbc materials Hhown in the figure can be made to achieve 
this ideal performance, but changes would need to be made to the 
material properties. In summary. Fig. K suggests that for this chem* 
istry to be made more competitive three strategics should be pur- 
sued: (/) the particle size should be made smaller, (m) the particle 
size ranges should be mmimifced, atid (tit) the matrix, conductivity 
should be improved. Figure 8 also suggests that all three factors arc 
equally important 

However, decreasing The particle size can lead to electrode fab- 
rication issues and could lower the volumetric energy density, 
caused hy the decreasing lap density, as suggested by Cben and 
Dahn. 22 In addition, smaller particles would require more carbon 
and binder to bind the particles together to form an electrode, 
thereby resulting in decreased specific energy. This aspect 5s beyond 
the ncope of this study; hence, no conclusions can he drawn on an 
optimum particle aize to he used in the we electrodes. 

Conclusions 

Six UFcPO* electrodes having different particle jrizca, carbon 
contents, porosities, and thickness were examined in this study to 
understand the mechanism that improves th* power capability of 
this chemistry. This insight is provided by combining experimental 
data at various rate* with a mathematical model. The #udy fmggcsta 
that carbon coating is critical as it provides die electron with a more 
conductive path, thereby decreasing ohinic drops. Although the 
amount of carbon coating seems immaterial att long as a coating in 
achieved, the quality of the carbon is important. However, the coat- 
ing can be eliminated if the active material can be made more con- 
ductive, e.ff., via dopitvg. However, carbon is sail needed to carry the 
electron from the current collector to the reaction site; therefore, 
electrode consttuctioi] can have a significant impact on pcribnnaircc. 
Finally, the utilization of the material can be poor if the particle size 
is large, ox if the distribution of particle size is wide. 
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